Introduction

21
With the rise in the global development, energy plays an increasingly important role 22 in the world; recognising that concern over increasing greenhouse gas emissions is 23 cost of the electricity is very important for cost estimation in an electrical market, 1 especially the National Service Provider (NSP) and Independent Power Producer (IPP) 2 owners contracts. Further, there are a number of research publications focusing on this 3 aspect using the price or bid based ED models. The primary aim of the price-based 4 ED model is to maximize the profit of the generation companies, which means 5 maximizing the difference between the revenue and cost of generation [9] . Also, the 6 bid-based ED models aim to maximize the social benefit, i.e. to maximize the 7 difference between the benefit of the customer and cost of the generator, for the 8 system operator, namely the NSP [10].
9
In this research, the objective is to minimize the generation and emission cost for a 10 given electrical system for the NSP. The conventional generators belong to the NSP 11 and the wind farm is owned by the IPP. In the UK electricity market, the Contracts for 12 Difference (CFD) is specifically for the low carbon technology. The selling price of a 13 low carbon electricity generator is split into the strike price of the technology and 14 reference price of the electricity market. The difference between the strike price and 15 the reference price will be paid by the Low Carbon Contracts Company (LCCC) [7] .
16
In the UK electricity system, the NSP only needs to pay a fixed buying price 17 (reference price) to wind power. Thus the selling price of the IPP does not impact on 18 the NSP. In this paper, the profit of the NSP or IPP is not considered in this model.
19
However, taking into consideration the real-time selling and buying cost of the 20 electricity in an ED model can give the IPP or NSP a good view of the economic 21 benefit.
22
With the growing environmental problems, combined economic and emission 23 dispatch (CEED) models have been developed for an electrical system consisting of 24 fossil-fired power plants in the 1990s [11] [12] [13] . Initially, the CEED considered only 25 conventional powered generators [11] [12] [13] [14] [15] [16] . Although the optimization algorithms are 1 different, most of these studies used multi-objective optimisation to accomplish the 2 balance between cost and emission minimizations. With the ever-increasing use of 3 renewable power, the power system network now is not only allocating system power 4 from conventional generators but also from renewable power plants, such as wind 5 farms [17, 18] , solar PV plants [19, 20] and hydro power stations [21, 22] . Due to the 6 negligible emissions in renewable power generation, the dispatch of renewable 7 resources does not have emission dispatch [8, 23] . Nowadays, wind power is in the 8 top two of the renewable energies in the UK and still increasing [24] . Nonetheless, in 9 the ED model that incorporates wind power, the unpredictable wind power outputs 10 become a non-negligible problem. Uncertainty of conventional energy sources, such 11 as cost and fuel inputs, are much lower and controllable than that of the wind power 12 output.
13
In order to determine the uncertainty in wind power, some research has been 14 performed on modelling the stochastic nature of the wind speed and the penalty and 15 the reserves of wind power cost [17, 18, 23, 25] . First of all, Hetzer et al. [23] [18] added an environmental objective function of 6 the emission as well as the penalty and reserves wind power costs. Also, they 7 modelled the wind power output by the Weibull Gamma distribution. Additionally, 8 Dubey et al. [25] applied a hybrid flower pollination algorithm to the CEED model by 9 Jin et al. [18] with the time dimension.
10
With increasing carbon price [3] , the carbon cost rises in proportion to the levelized 11 cost of electricity (LCOE) and the carbon cap that was proposed by the EU ETS leads 12 to a limited emission of a power plant/system. However, as of now, there appears to emissions will be considered in the model developed in this research [5, 7] . This paper therefore develops a novel short-term CEED model, based on a one hour 1 time step that can handle carbon price, emission levels and wind penetration level in 2 future electrical systems in order to determine the optimal operation strategy. The 3 proposed model aims to minimize the fuel and environmental cost for a system by 4 considering the reservation and curtailment wind power cost and the carbon price of 5 GHG. Moreover, the emission level is considered as the emission constraint to obtain 6 the optimal results for different levels of decarbonisation scenarios. Three cases for results show that at a low emission limit, increasing the carbon price leads to an 13 increase in the total cost, but the rate of the increase is mitigated by decreasing the 14 emission limits. Furthermore, the carbon price shows a high impact on the dispatch at 15 high emission allowance levels and the emission limits dominate the dispatch at low 16 emission allowance levels. 
Methodologies
18
This paper is to investigate a CEED model that considers the emission allowances and The other type of the objective functions are emission functions that are used to obtain 10 the minimal emission costs. Three objective functions will be used focusing on the 
The direct cost function of the wind powered generator is calculated from the operator for the wind power [18, 23] . It is defined as follows:
If the wind farm is owned by the system operator, then there is no wind power cost 9 [18, 23] and g j is .
10
The overestimation cost function of the wind powered generator is due to the 11 available wind power being less than the scheduled wind power. The available wind 12 power is the wind power available from the wind farm without any manipulations.
13
This cost is for the reserve requirement related to the difference between the available 14 wind power and the scheduled wind power [18, 23] , namely
where Pr{w = 0} is the probability of wind power being zero. This equation is used to 1 find the cost when the available wind power is less than the scheduled wind power. 
where Pr{w = W j,rated } is the probability that the wind power is rated. Similar to 6 Equation (4), this equation is used to find the cost when the available wind power is 7 higher than the scheduled wind power. 
Emission functions 9
The emission function is to minimize the pollutant emission from conventional power 10 generation including the oxides of carbon, sulphur and nitrogen. Assuming that the 11 wind power does not produce these pollutants, and the reserve power is from energy 12 storage that also does not produce pollutants, the emission function contains the It is noted that the number of variables is greater than the number of the objective 8 functions. Therefore, the multi-objective function system can have several optimal solutions. To solve this multi-objective problem and find one of the reasonable results
10
for each case being investigated, normally the multi-objective problem is transferred 11 to a single-objective function [32] .
12
In this paper, an emission constrained cost function F is employed that consists of the 13 generation cost C and emission cost r x E as follows:
where r is the carbon price that is the amount that must be paid to emit one tonne of 15 CO 2 . With the carbon price, the effect of the emissions can be related to the cost. In Committee on Climate Change [39] , which are shown in Table 1 . 
Constraints
20
Three typical types of constraints are considered in this CEED model.
21
The first constraint is the real power balance, which is relevant to the system security 22 and the minimization of the cost. It is assumed that the system demand D is equal to 23 the rated power capacity of the sum of the conventional P and wind power W so there 1 is no loss of load being considered. And the system power balance equation may be 2 expressed as follows [23] :
The second constraint is the generator limit. The output limit for a conventional 4 generator and the limit of the wind farm may be expressed as follows [23] :
The last constraint is the emission allowance, which gives the emission levels of each 6 generator or the total emission limits at each time stamp. The emission allowance is 7 an important constraint to satisfy the carbon cap in the electricity system. The 
The generator ramp rates can have a noticeable impact on the power output and levels 10 of emissions from a generator when the rat of change in the demand is sufficiently 11 high in a dynamic system. In this research, ramp rate for the conventional generation 12 units is not considered as this is a steady state CEED model. 
Wind power uncertainty modelling
14
In the CEED problem in an electrical system with conventional and wind resources, 15 the stochastic nature of the wind speed and wind power generation is usually 16 modelled by the Weibull distribution [18, 23] .
17
The probability density function (pdf) for a Weibull distribution of wind speed can be 18 mathematically expressed as follows [23] :
The Weibull cumulative distribution function (cdf) of wind speed can be expressed as
Because of the uncertainty in the wind speed, the power output of a wind turbine is 3 uncontrollable and the power output for a given wind speed can be categorized as
When wind speed is less than the cut-in wind speed or higher than the cut-out wind 6 speed, there is no power output. It is assumed that if wind speed is between cut-in and 7 rated wind speed, the power output is linear to the rated power. Else, if the wind speed 8 is between rated and cut-out wind speed, the power output is equal to the rated power.
9
For the discrete portions of the power output, the probability of can be 10 calculated with equation (16) 
Therefore, the wind power Weibull probability density function (pdf) can be 4 expressed as follows [23] :
Optimisation Algorithm 6
The optimization problem here is a bounded and constrained one, requiring some kind of constraint handling technique to be resolved. The genetic algorithm (GA) is a stochastic method to solve global optimization 10 problems. GA is a good technique to avoid local optimization due to its crossover 11 operator and it has good converge ability [40] . Also, it can be noted that a number of 12 other researchers have used GA in their dispatch models, such as [13, 16, 32 , 33, 40-45].
13
The implementation of the GA contains five main stages:
14
i. An initial generation population t is generated randomly. In this model, the 15 generation population consists of the outputs of all power generators.
16
ii. The fitness of the population t is formed and it is determined by the objective v. Perform mutation of the population t+1 for low probability. The mutation 10 operator flips some bits in the population t+1 to generate the next generation.
11
This step makes GA a noise-tolerant algorithm.
12
Repeat stages ii to v until the individuals are good enough. is applied by using the result found by GA as a starting point. and how the future energy and costs could behave with and without wind power. All 8 the results presented in this paper are obtained using the hybrid GA-SQP algorithm.
9
For the particular scenarios investigated, the SQP search only slightly improved the 10 final optimisation. In this scenario we consider the IEEE 30 bus system which consists of 6 fossil fuel 13 powered generators with a total capacity of 2600 MW, and total demand of 1800 MW. 
20
There are a number of wind turbines of the same type in the investigated wind farm.
21
For different cases studied, the wind farm is considered to have different numbers of 
11
According to the Grid code, the reactive power must be capable of supplying the rated by an automatic power factor correction unit, which is within the requirement of the 17 Grid code. In addition, it is assumed that the demand D t is made always equal to the 
IEEE 30 bus system without wind power
12
As a baseline case, we considered a scenario with no wind power (0 % penetration) 13 and there is no emission limit to the power generation. Therefore, all the power 14 demand is met by the conventional power. Table 1 Table. It can be seen in Table   18 1 that with a zero wind power penetration the optimized conventional power costs 
IEEE 30 bus system with a wind farm
10
It can be seen in Table 1 , when an installed wind farm with three different capacities because the wind power is rarely used at these emission limits. At zero carbon price,
21
as the emission limits reduce to the point where wind power does begin to play a role,
22
as illustrated by the 60 tCO 2 e/h data, the total cost increases, by 16 % in this instance.
23
Only the fuel costs can affect the total costs at zero carbon price, thus the wind power the drive is for the renewable resources to become the economic choice for an 7 electrical system owner.
8
Comparing to other scenarios, the scenarios using all the wind power have a higher 9 wind power cost and a lower emission, and the effect of the emission cost in these 10 scenarios is not as large as the others. Thus they have much higher cost and are not 11 converged with the others.
12
As the emission limits reduce, a higher proportion of the power demand is supplied by 13 wind power, and a manifestation of the higher wind power costs in relation to 14 conventional power is that although the total cost does still increase with increasing 15 carbon price, it's relative change is reduced in comparison to the no wind scenario, for 16 example, at the 60 tCO 2 e/h emission limit, the factor in total cost from zero to 17 maximum carbon price is about 1.8, compared to the factor of 2.1 in Scenario 1.
18
Similarly, (b) and (c) of Figure 1 , which give the total costs of proposed power that cost in the system with 30 % penetration with the 40 tCO 2 e/h emission limit is 24 approximately 1.4 times that at the zero carbon price. However, the total costs of 25 these systems are higher than the costs when there is no wind, and this is due to the 1 high wind power cost in this case. The more wind power used, the less cost difference 2 between the different carbon prices and this is because the emission costs are reduced 3 due to the lower emissions with the higher wind power.
4
As expected, it can be seen that the total cost of the proposed system without wind 5 power is the cheapest at zero carbon price. However, the most expensive carbon price 6 more than doubles the cost of the system without wind power. Introducing wind 7 power along with emission limits affects the total cost in two ways, firstly, wind 8 power itself is more expensive than the conventional power solutions, so the total cost 9 does increase with increasing wind power, but this total cost is then less sensitive to 10 carbon price increases as the total emissions are reduced by the fraction of the demand 11 supplied from the wind power that is emission free. then initially decrease as the carbon price rises, but once the carbon price is above 27 24 £/tCO 2 e they only marginally decrease with further carbon price increase. These two 25 cases depict the carbon price effects on the system effectively without an emission 1 limit. Also, the emissions of the lower emission limit cases are steady, and this is 2 because the governable wind power is reduced at the lower emission limits.
3
Furthermore, the emission of the system without wind power, and using all of the 4 wind power, are still high at the zero carbon price due to no emission optimisation.
5
The emission costs with different wind and emission limits are shown in Figure 3 . As 6 expected, the emission costs increase with an increasing carbon price, and the greatest 7 difference is between "all wind power" and "no wind power" at the maximum carbon 8 price, equating to a 19 % decrease in the 10 % penetration, rising to a 45 % decrease 9 in the 30 % penetration scenario. In those cases with a defined emission limit, it can 10 be seen that for the lower emission limits, the costs increase linearly with increasing 11 carbon price, and hence the cost changes between different emission limits also 12 follow a linear trend. This is because in these cases, as can also be seen from tCO 2 e/h cases because at the highest carbon price, the optimal emission is 16 significantly less than the emission limit.
17
In addition, from the optimal results in the emissions and emission costs, it can be 18 observed that the carbon price can dominate the dispatch at high emission allowance 19 levels. Since the emissions do not reach their minimum to obtain a minimum cost in 20 those cases, and the wind power cost is higher than the conventional power cost and 21 emission cost. In the high emission allowance scenarios with low carbon price, the 22 optimal choice is to use low cost conventional power with low cost emissions.
23
However, with the increase in the carbon price, the emission costs become dominant 24 and the wind power with no air pollution showed that it is benefited in the emission 25 costs. In the proposed system, the wind power only shows its benefit at very high 1 carbon price and this is due to the high wind power price.
2
Moreover, the emission allowances dominate the dispatch in this model at low 3 emission allowances condition. In order to decarbonise energy generation, when the 4 renewable capacity is increased, the reduction in the emission allowances leads to a 5 significant decrease in the emission costs, nevertheless, there is an increase in the total 6 costs due to the high cost of the renewable resources used. Therefore, the wind power 
Electrical system with 9 generation units and a wind farm
11
In order to test the proposed model for a larger system, in this section a large 12 electrical system with nine conventional generation units and a large wind farm is 
15
Due to the availability of the data, the emission in this system considers NO x and SO x 16 only. The total demand of the system is 2500 MW and it is equal to installed capacity The emission levels investigated for this case are between the lowest cost emission of 21 the system without the wind power and that when all the wind power is used, namely price, which is due to the amount of emission considered. In this scenario, the CO 2 6 emission is not considered, thus the total emission is about one sixth of the system 7 emission considering CO 2 from the result for the IEEE 30 bus system. The low 8 emission leads to less domination of the emission in the dispatch.
9
For the IEEE 30 bus system, the CO 2 emission in CO 2 e is 3.8 times of NO x and SO x 10 on average. Figure 5 indicates the optimised cost and emissions of this system if the 11 CO 2 emission is considered with this ratio in this scenario. The emission and cost
12
increase, but the trends are still same. It is noticed that the CEED model developed 13 can be applied to different sizes of the system with the conventional and wind power 14 resources effectively.
15
It should be noted that maintenance is an important aspect for a good energy 16 management system and this should be considered in large scale long term dispatches.
17
There are two types of maintenance for the electrical grid, which are preventive 18 maintenance and corrective maintenance [60] . Most of preventive maintenance is system demand is assumed to be equal to the system supply, so the probability of the 6 loss of load is zero. Moreover, the corrective maintenance of a wind turbine may be has a high impact in the power dispatch. 
